Signal transducer and activator of transcription (STAT) proteins are latent transcription factors that mediate a wide range of actions induced by cytokines, interferons, and growth factors. We now report the development of thymic T cell lymphoblastic lymphomas in transgenic mice in which Stat5a or Stat5b is overexpressed within the lymphoid compartment. The rate of lymphoma induction was markedly enhanced by immunization or by the introduction of TCR transgenes. Remarkably, the Stat5 transgene potently induced development of CD8 ϩ T cells, even in mice expressing a class II-restricted TCR transgene, with resulting CD8 ϩ T cell lymphomas. These data demonstrate the oncogenic potential of dysregulated expression of a STAT protein that is not constitutively activated, and that TCR stimulation can contribute to this process.
Introduction
The Janus family tyrosine kinase (JAK)-signal transducer and activator of transcription (STAT) * pathway is a major signaling pathway used by cytokines and interferons (1) (2) (3) . STAT proteins have also been linked to oncogenesis (4) . Constitutive activation of STATs, as evidenced by constitutive tyrosine phosphorylation and DNA binding activity, has been found associated with cellular transformation (5) (6) (7) (8) and in various human tumors (4, 9, 10) , and correspondingly, a constitutively activated form of Stat3 is oncogenic (11) . Recently, retroviral insertional mutagenesis (RIS) in the Stat5a gene was found in a murine pre-B cell lymphoma that also exhibits constitutive STAT activation (12) , and we have found RISs associated with Stat5b as well as Stat5a in two cases of murine AKXD Burkitt-like B cell lymphoma (online supplemental Fig. S1 ). Interestingly, in one form of acute promyelocytic leukemia, Stat5b is part of a retinoic acid receptor (RAR) fusion oncoprotein, but this lacks the Stat5b SH2 domain and acts based on its ability to repress normal RAR function and enhance IL-6-mediated activation of Stat3 (13, 14) .
We now report the development of T cell lymphoblastic lymphomas in transgenic mice expressing nonactivated (HA-tagged WT) forms of either Stat5a or Stat5b and thereby provide direct evidence for the role of Stat5 in oncogenesis. Moreover, we demonstrate in these mice that a marked synergistic effect in the rate of tumor development is conferred by antigen-activation or by coexpression of either MHC class I-or class II-restricted TCR transgenes.
Materials and Methods
Generation of Mice. Stat5a and Stat5b transgenic mice were generated and bred onto Stat5a Ϫ / Ϫ , Stat5b Ϫ / Ϫ , or Stat5a Ϫ / Ϫ Stat5b Ϫ / Ϫ double knockout backgrounds as part of a series of experiments to evaluate functional similarities and differences between Stat5a and Stat5b (15) , as well as onto WT C57BL/6 and BALBc back-[TG T ], lymphoma spleen [ONCO S ], and lymphoma thymus [ONCO T ]) were expressed as a dendogram (samples with the most similar expression profiles are directly connected and those less similar are connected through additional "branches" of the dendogram "tree"). Further analysis was done using 7195 genes whose expression was detected ('present') in splenic and/or thymic groups. We identified 1512 genes that were more highly expressed in ONCO S or ONCO T than in at least one of the other groups listed above for further examination. The raw data and a complete list of the genes will be available at www.nhlbi.nih.gov/ labs/supplements.
To examine gene expression patterns over time, 5C.C7 TCR transgenic mice, with and without the Stat5b transgene, were killed at 2, 3, 6, 12 or 13 wk of age. CD8 ϩ thymocytes were enriched using CD4 paramagnetic beads and an autoMACS (Miltenyi Biotec). RNA was extracted and hybridized to U75A GeneChips ® , as described above, and data were analyzed using hierarchical clustering (18) . Analysis was performed using unsupervised hierarchical clustering (as above) for 6250 genes whose expression was detected ("present"; see online supplemental material) in any of four groups (5C.C7 single transgenic [group 1], Stat5b/5C.C7 double transgenic 2-3 wk old [group 2], Stat5b/ 5C.C7 double transgenic 6-8 weeks old [group 3], Stat5b/5C.C7 double transgenic 12-13 wk old [group 4]) were presented as a dendogram. In addition, genes that were found to be increased in lymphomas in Stat5b transgenic mice (see Fig. 4 C) were examined over time in 5C.C7 and Stat5b/5C.C7 mice.
Isolation and Stimulation of Enriched CD4 ϩ /CD8 ϩ DP Thymocytes. CD4 ϩ /CD8 ϩ (DP) thymocytes were enriched using CD8 ␣ paramagnetic beads and an autoMACS (Miltenyi Biotec), and 4 ϫ 10 7 cells were cultured in 10 ml for 16 h with phorbol-12-myristate-13-acetate (PMA, 0.2 ng/ml) ϩ ionomycin (0.2 g/ml; Calbiochem). Cells were then washed and cultured in RPMI 1640 medium containing 10% FBS and 2 mM l -glutamine, and antibiotics (complete medium) for 48 h (day 3 cells; reference 19) .
Proliferation Assays. Fresh thymocytes were cultured for 48 h in complete medium, with or without 1 nM IL-7, in 96 well flatbottom plates (2 ϫ 10 5 cells/well) with and without soluble anti-CD3 (2 g/ml) plus anti-CD28 (2 g/ml). Wells were pulsed with 1 Ci of [ 3 H]thymidine (6.7 Ci/mmol; NEN Life Science Products) for the last 9 h of culture. Thymocytes from heterozygous TCR-Cyt-5C.C7-I/RAG2 ϩ / Ϫ cytochrome c TCR transgenic expressing the Stat5b transgene, with and without lymphoma, were incubated with cytochrome c (200 g/ml; Sigma-Aldrich) for 72 h. Wells were pulsed with 1 Ci of [ 3 H]thymidine (6.7 Ci/mmol; NEN Life Science Products) for the last 9 h of culture.
Online Supplemental Material. Supplemental Fig. S1 shows RISs in the Stat5a/Stat5b genomic locus in two mice with AKXD Burkitt-like lymphoma. This suggests the oncogenic potential of RISs in either the Stat5a or Stat5b loci. Supplemental Table S1 shows a complete listing of genes from the microarray analyses presented in Fig. 4 , B and C. Supplemental Table S2 shows a complete listing of genes from the microarray analyses presented in Fig. 7 E. Online supplemental material is available at http://www.jem.org/cgi/content/full/jem.20021548/DC1.
Results
Mice Overexpressing Stat5 Develop CD8 ϩ Lymphoblastic Lymphoma. Stat5a and Stat5b are highly-related proteins that are required for normal lactation, growth, hemato-poiesis, and immune function (20) (21) (22) (23) (24) (25) (26) . We generated Stat5a and Stat5b transgenic mice, using a vector containing the H-2K b promoter and IgM enhancer, in order to evaluate distinctive versus overlapping actions of these highly homologous proteins ( Ͼ 90% identical; reference 27) within the lymphoid system. Two Stat5b founder lines (TG1, TG2) and one Stat5a line that expressed the appropriate transgene in the immune system were evaluated ( Fig.  1; reference 15 ). Both Stat5a and Stat5b transgenic mice have increased splenic CD8 ϩ T cells at the earliest point examined (12 d; reference 15). Unexpectedly, as the mice aged, many developed striking lymphadenopathy that we noted at a median age of 205 d (range 78-456 d, Table I and Fig. 2, A and B) , with enlarged thymuses (unpublished (Table I) . Of the 12 lymphomas from Table I analyzed by flow cytometry, 10 had populations of both CD4 ϩ CD8 ϩ double positive and CD8 ϩ single positive cells (Table I , Onco 2, 4, 9-13, 15, 19, and 20; Fig. 3 A, Onco 12, panels a, b, and c) and two had predominantly CD8 ϩ cells (Table I , Onco 3 and 6; Fig. 3 A, Onco 3, panels e, f, and g) in thymus, spleen, and lymph nodes. Of eight mice examined for TCR-␤ usage, one exhibited two prominent populations and seven a single prominent population based on V␤ staining (e.g., Onco 12 cells stained only for V␤2 (Table I and Fig. 3 B, panels a versus b), while Onco 3 had only V␤4 ϩ staining (Table I, Neither Stat5 Nor Stat3 Is Constitutively Active in the Lymphoma Tissues. Oncogenesis has been correlated previously with the constitutive expression of activated STAT proteins (4, 11, 29) . Surprisingly, however, we detected little if any constitutively-activated Stat5 or Stat3 in lymphoma tissues by anti-phospho-Stat5 Western blotting (Fig. 3 C, lanes 4-7) , by anti-phospho-Stat3 (Fig. 3 D,  lanes 2-5) , or by electrophoretic mobility shift assays (EMSAs; Fig. 3 E, lanes 4, 7, 12, 14, and 17). This is consistent with our transgene being a WT (i.e., not constitutively activated) form of Stat5. However, stimulation of lymphocytes in vitro with IL-2 or IL-7, two cytokines that can activate Stat5, potently augmented DNA binding activity in Stat5b tumor lysates to levels higher than seen in lysates from WT mice (Fig. 3 E, lanes 5, 6, 13 , and 18 versus 2, 3, 9, 16, and 22). As expected, Stat5b was a major protein in the binding complex based on supershifting with anti-Stat5b (lane 20), whereas anti-Stat3 had no effect (lane 19) . Immunoprecipitation with anti-HA, followed by antiphospho-Stat5 Western blotting, confirmed phosphorylation of the transgene in lymphoid tissues from Stat5b transgenic mice with and without lymphoma (reference 15, and unpublished data).
DNA Microarray Indicates the Lymphomatous Cells Have Characteristics of Immature Thymocytes.
To investigate if the transgene augmented or repressed expression of certain genes, we next performed microarray analysis of mRNAs isolated from WT and Stat5b transgenic mice. Despite the effects of Stat5 on peripheral CD8 ϩ T cell homeostasis (15) , there was little difference between the splenic gene expression patterns of WT and Stat5b transgenic mice (Fig.  4 A, "splenic cluster"). In contrast, the expression pattern seen in Stat5b transgenic lymphomatous spleens was more similar to that of WT thymuses (Fig. 4 A, "thymic cluster"). The augmented expression in the tumors of genes such as TCR␥, RAG1, RAG2, and TdT (terminal deoxytransferase) that are involved in T cell development (Fig. 4  B) is consistent with the diagnosis of precursor T cell lymphoblastic lymphoma (30) . Microarray analysis also identified a group of genes whose increased expression appeared to be distinctive for the lymphoma tissue regardless of tissue source (Fig. 4 C) .
Stat5b Transgenic Thymocytes Exhibit Enhanced Activation and Proliferation. Because of the thymic origin of the lymphoma, we further evaluated thymocytes from WT and Stat5b transgenic mice in which lymphomas had not yet developed. After stimulation with PMA plus ionomycin (PI; Fig. 5 A) , or anti-TCR␤ plus anti-CD2 (unpublished data), both WT and Stat5b transgenic thymocytes had an increase in the percentage of CD8 ϩ single positive T cells by day 1 (Fig. 5 A, panel c versus a and d versus b) , and this increase was preferentially sustained in Stat5b transgenic mice until at least day 3 ( Fig. 5 A, panel f versus e). The percentage of CD4 ϩ cells was also increased in response to PI, but little if any difference was seen between WT and Stat5b transgenic mice (Fig. 5 A, panels d versus c and f versus e). The thymocyte differentiation/ activation markers CD44 and IL-2R␣ (CD25; reference 31) were more highly expressed on thymocytes from Stat5b transgenic mice as compared with WT mice (Fig. 5 B, panels d versus c and f versus e), and these Stat5b transgenic thymocytes proliferated more vigorously than wild type thymocytes in response to anti-CD3 plus anti-CD28, IL-7, or a combination of these stimuli (Fig. 5 C) , or to stimulation with anti-TCR␤ plus anti-CD2 (unpublished data). Thus, after various exogenous stimuli, Stat5b thymoctes, as compared with WT thymocytes, proliferated more vigorously and exhibited an increase in the number Antigen Stimulation Increases Rate of Lymphoma Formation. Because of the effect of anti-CD3 stimulation on the proliferation and activation of Stat5b transgenic thymocytes, we hypothesized that TCR activation might promote the growth and/or malignant transformation in Stat5b transgenic mice, consistent with a suggested role for immune receptor stimulation in certain lymphoid neoplasms (32, 33) . In this regard, coexpression of a TCR transgene greatly augmented thymic CD8 ϩ T cell development in the Stat5b transgenic mice. Remarkably, this occurred not only with the class I-restricted HY TCR trangene (unpublished data), but also with the 5C.C7 class II-restricted TCR trangene (Fig. 6 A, panels b versus a) , even though class II restricted TCRs normally direct development in the CD4 pathway. Interestingly, expression of the 5C.C7 TCR transgene increased the percentage of DN1 cells (CD4 Ϫ /CD8 Ϫ double negative cells that are CD44 hi IL-2R␣ Ϫ ; panel d versus c). After immunization, Stat5b/5C.C7 TCR transgenic mice had more CD8 ϩ T cells than mice that expressed only the 5C.C7 TCR transgene (Fig. 6 B, panel b versus a) , and there was an increase in the percentage of these CD8 ϩ T cells that were activated (CD44 hi IL-2R␣ ϩ ; Fig. 6 B, panel e versus d) . The CD8 ϩ T cells were V␣11 ϩ /V␤3 ϩ (Fig. 6 B, panels g and h) , confirming that their selection was via the cytochrome c-specific 5C.C7 TCR (34) .
Strikingly, Stat5b transgenic mice coexpressing a TCR transgene developed lymphoma at a much younger age (57 and 70 d, respectively, for HY and 5C.C7 transgenic mice) than Stat5b transgenic mice on a non-TCR transgenic background (median of 205 d; Fig. 6 C, and unpublished data). Stat5b/5C.C7 trangenic mice, whether immunized with cytochrome c in CFA (Fig. 6 B, panel c and f) , or not immunized, developed lymphomas that were V␣11 ϩ / V␤3 ϩ (Fig. 6 B, panel i) and vigorously proliferated to IL-7 (Fig. 6 D) . Because of the effect of the TCR transgenes, we immunized 6-8-wk-old Stat5b transgenic mice lacking the TCR transgene with ovalbumin/CFA. Remarkably, tumors were evident by 3 mo of age (median 72 d; Fig. 6 C) , whereas this was not observed in WT controls. Immunization of Stat5b/5C.C7 double trangenic mice did not alter the age at which these mice developed lymphoma (Fig.  6 C) . Thus, malignant transformation in Stat5b transgenic mice was increased by antigenic/adjuvant stimuli. Most of the thymic tumors arising in younger mice were detected before obvious splenic involvement, as evaluated by CD4/ CD8 and V␣/V␤ profiles.
Analysis of Stat5b/5C.C7 Double Transgenic Mice Over Time. To investigate the mechanism underlying the oncogenic transformation, we analyzed Stat5b/5C.C7 double transgenic mice over time. As noted above, these mice develop lymphoblastic lymphoma at a median age of 70 d, and all double transgenic mice over 3 mo of age we have studied had lymphoma.
Unlike their 5C.C7 littermates, Stat5b/5C.C7 double transgenic mice exhibit an expansion of CD8 ϩ T cells over time (Fig. 7, A and B) . This expansion of CD8 ϩ T cells was evident at two weeks of age (Fig. 7 B, panel g versus a) and was marked in the older double transgenic mice (Fig. 7 B , panels i and j). 5C.C7 mice without the Stat5b transgene exhibited either of two phenotypes: an age-dependent deletion of thymocytes (Fig. 7 B , panels c and d, note the low cellularity) or an expansion of CD4 ϩ cells (Fig. 7 B , panels e and f).
Proliferation of thymocytes to anti-CD3 stimulation was greater in the Stat5b/5C.C7 mice than in 5C.C7 littermates (Fig. 7 C) . This was evident in mice as young as 2 wk old and increased over time until 8 wk of age. The older double transgenic mice (12-13 wk old) had enlarged thymuses consistent with lymphoblastic lymphoma, and some of these mice had more vigorous thymocyte proliferation in response to anti-CD3 stimulation, while others had a more vigorous response to IL-7 (Fig. 7 C , and unpublished data). . The "Thymic" and "Splenic" clusters refer to samples whose expression patterns were most similar to those found in normal thymus and spleen, respectively (i.e., they "coclustered"). Note that the pattern observed for CD8 ϩ T cell enriched splenocytes was similar to that observed in total splenocytes. The mice with lymphomas are designated as in Table I . (B) A selection of genes that were similarly expressed in the lymphomas and thymic tissue. (C) Genes that were more highly expressed (Ͼ1.4-fold increased) in lymphomas than in any of the WT or TG tissue samples. Green squares correspond to genes with relatively low level of expression and red squares to genes with relatively high level of expression (e.g., in one of the TG T samples [second from the right] fewer genes were highly expressed). The raw data and a complete list of the genes will be available at www.nhlbi.nih.gov/labs/supplements.
We next evaluated gene expression in CD8 ϩ thymocytes over time using microarrays. Unsupervised hierarchical clustering revealed that the expression profiles of CD8 ϩ T cells from 5C.C7 single transgenic mice, regardless of age, were similar and formed a distinct cluster (Fig. 7 D) . Conversely, the expression profiles of CD8 ϩ T cells from the Stat5b/5C.C7 double transgenic correlated with age in that the expression profiles of 'premalignant' CD8 ϩ cells of mice between 2 and 8 wk were similar, whereas the profiles of mice 12-13 wk of age with overt tumors formed a separate group in the clustering analysis. In this longitudinal study we also examined the expression over time of those 35 genes that were shown in Fig. 4 C to be more highly expressed in mice with lymphoblastic lymphoma in the WT background. We found that 18 of these 35 genes were more highly expressed in Stat5b/5C.C7 double transgenics than in 5C.C7 single transgenic mice. These 18 genes appeared to fall into two major groups; the expression of 12 genes (Fig. 7 E, group a) was not increased until 12-13 wk of age, a time when the mice exhibited overt evidence of lymphoblastic lymphoma, whereas the other 6 genes (Fig. 7 E, group b) were more highly expressed in Stat5b/5C.C7 double transgenic CD8 ϩ thymocytes from an early age. One gene that was increased in young Stat5b/5C.C7 double transgenic thymocytes, as well as in the lymphoblastic lymphoma in Stat5b/WT mice, is the gene encoding protein tyrosine phosphatase non receptor type 13 (Ptpn13). Interestingly, this gene was not increased in Stat5b trans- genic mice on a WT background until the development of lymphoma. Ptpn13 (35) is also known as Fas-associated phosphatase-1 (FAP-1; reference 36) and is a negative regulator of FAS-mediated apoptosis in human cancer cells (37) .
Discussion
We previously found that overexpression of Stat5 proteins can increase peripheral CD8 ϩ T cell numbers by augmenting proliferation and cell survival (15), but we did not anticipate that such overexpression would predispose to malignant transformation. The dysregulated expression of the transgenic Stat5 proteins could theoretically result in a state of hyperresponsiveness to cytokines, and in fact the level of Stat5 DNA binding activity in response to IL-2 or IL-7 was higher than seen in WT mice. However, Stat5 was not constitutively activated, and our DNA microarray gene expression studies revealed relatively few differences in gene expression between T cells from WT mice and mice overexpressing Stat5b but lacking lymphoma. Nevertheless, it is possible that transient cytokine-mediated activation at critical time points plays an important role in tumorigenesis in these animals. Interestingly, there was an increased rate/incidence of lymphomas in Stat5b transgenic mice expressing a TCR transgene, or after immunization. This is potentially consistent with antigen/adjuvant-mediated cytokine production (38) , which in turn could, at least transiently, activate the transgenic Stat5. However, sustained Stat5 activation was not observed. Nevertheless, as shown in Fig. 7 E in Stat5b/5C.C7 double transgenic mice, a number of genes were induced over time. Additional work is needed to clarify the potential role of these genes in oncogenesis. In addition to the Stat5 transgene acting in a classical tyrosine phosphorylation-dependent manner, alternative mechanisms are possible. For example, Stat1 has been shown to affect expression of certain genes by a mechanism independent of its tyrosine phosphorylation (39) . Such a mechanism could potentially apply to other STAT proteins as well.
Given that Stat5 can be activated in D10 cells (a T helper cell clone) after TCR signaling (40) , and that T cells from Stat5a Ϫ/Ϫ Stat5b Ϫ/Ϫ double knockout mice fail to proliferate in response to anti-CD3 stimulation (25, 41) and have defective ERK activation (our unpublished observations), we hypothesize that Stat5 transgenic mice might be more susceptible to the effects of TCR-stimulation in vivo. As CD8 ϩ T cell expansion and CD8 ϩ lymphomas are seen even in mice expressing the class II-restricted 5C.C7 TCR transgene, this indicates a particularly potent effect of the Stat5 transgene in controlling CD8 ϩ T lineage develop- Shown is a dendogram resulting from unsupervised clustering of 6250 genes that were expressed "present" in any group. (E) Expression of genes that were found to be more highly expressed in Stat5b transgenic mice with lymphoma (see Fig. 4 C and online supplemental material), were also analyzed over time in 5C.C7 and in Stat5b/5C.C7 mice. In A and C, the 12-wk-old group includes all mice 12-13 wk old. ment. Moreover, the fact that the tumors arise earlier in mice expressing a transgenic TCR or after immunization indicates a role for TCR signaling and possibly selection in the earlier development of these tumors.
In contrast to systems that have correlated constitutively activated STAT proteins with oncogenesis, our Stat5a and Stat5b transgenic models demonstrate that overexpression of a WT (HA-tagged) STAT protein can also predispose to malignant transformation. Because the transgenic vector we used directs high level expression in lymphoid tissue, it is not surprising that the tumors that developed in our mice were lymphomas. However, given the ubiquitous expression of Stat5 proteins and the fact that they are activated by many different cytokines and growth factors, we hypothesize that the oncogenic potential of Stat5a and Stat5b may not be restricted to the immune system, and that overexpression in other tissues might cause other forms of neoplasia. Accordingly, Stat5a and Stat5b could prove to be rational target molecules for manipulating the growth of a number of different tumors. Finally, the fact that TCR/ antigen stimulation could augment the rate of lymphoma formation in Stat5 transgenic mice has implications related to tumor and vaccine immunology.
